In this paper we examine the record of total column ozone variations observed by the total ozone mapping spectrometer (TOMS) over the period 1980 -1991. Past analyses of the Antarctic ozone depletion have tended to use the ozone minimum values or zonal averages when examining decadal trends [Bowman, 1985 [Bowman, , 1988 [Bowman, , 1990 Randel and Wu [1995] examined trends in ozone by first averaging TOMS data along potential vorticity (PV) contours in order to account for displacement and longitudinal asymmetries of the polar vortex. Another natural coordinate for these purposes is ozone itself. Here we will use the ozone area-mapping technique first applied to Antarctic ozone by Yung et al. [1990] to reexamine the decline rates of Antarctic springtime column ozone from 1980 to 1991, emphasizing both general and year-to-year changes over that period. A key modification of the previous application of this technique is to constrain the ozone area mapping to the south polar vortex using values of PV derived from National Meteorological Center (NMC) data for the same period.
In section 2, we first briefly describe the data we used. The area-mapping method is described in section 3. Then, in section 4, we present our main results obtained from the TOMS ozone data using the area-mapping method in combination with the use of PV and of area-mapped NMC temperatures in the polar vortex. Two important features emerging from the analysis are a distinct change in the decline rate of vortex-averaged column ozone after 1985 and the anomaly represented by the 1988 Antarctic spring.
TOMS Ozone Column Abundance, PV and Temperature
The Nimbus 7 spacecraft was launched into a local-noon, Sun-synchronous, near-polar orbit on October 24, 1978. Its TOMS instrument has measured the spatial distribution of total ozone from 1978 until May 6, 1993, by scanning across the track of the satellite to obtain data between successive satellite orbital tracks. Total column ozone is retrieved from the measured differential absorption of backscattered ultraviolet irradiance using observations taken with solar zenith angles up to 88 ø . No measurements are available in regions of polar night. In our analysis we used the daily TOMS gridded ozone data of version 6.0 from NASA (on a 1 ø x 1.25 ø grid in latitude and longitude) from 1980 to 1991. The 1979 data were not used in our analysis mainly due to frequently missing data (e.g. days 277, 278, 279) in this year. The more recent version 7 with data coverage till 1994 has not been officially released yet.
The other two data sets used are NMC temperatures and Rossby-Ertel PV [Manney and Zurek, 1993a] derived from NMC analyses of temperature and geopotential heights [e.g., Gelman et al., 1986] . The PV and temperature fields are gridded at 2.5 ø x 5.0 ø in latitude and longitude. In our study we will use temperature and PV fields on the 500 K isentropic surface to help interpret variations in the total column ozone. This level is in the lower stratosphere near the ozone number density peak in early August, prior to the formation in recent years of the ozone hole during the austral spring.
Area-Mapping Method
The ozone area-mapping method used here was described by Yung et al. [1990] and is similar to that used in area mapping of Ertel's potential vorticity on an isentropic surface [Butchart and Remsberg, 1986; Baldwin and Holten, 1988 Since total column ozone generally changes monotonically outward from a minimum in the interior to the edge of the polar vortex, an area increase (decrease) of a total column ozone isopleth with time implies that the ozone hole (i.e., the region of lowest column ozone) is expanding (shrinking). This result holds no matter where the center of ozone hole is. Thus, to first order, this method filters out planetary-scale (i.e., low longitudinal wavenumber) perturbations of the Antarctic polar vortex such as distortions of the vortex or displacements away from the pole. We assume that the ozone column abundance in the south polar night region is smaller than that in the daylight region and only include daytime data in the area averages, adjusting the area weighting to include just the sunlit portions of the south polar regions. This has little effect on our analyses as we focus on the late winter and spring period when the area with no TOMS measurements is very small (e.g., Plate 1).
The assumption of monotonic variation breaks down beyond the edge of the polar vortex, in the region of the total column ozone maxima in high midlatitudes sometimes called the polar "collar" region. For some contours near the vortex boundary, area-mapping would mix data points from outside of the vortex with that inside the vortex. Vortex-averaged quantities have been shown to be useful in examining the relationships among, for instance, ozone, temperature and C10 at various heights in the lower stratosphere [e.g., Manney et al., 1994b] . Randel and Wu [1995] recently mapped column ozone by averaging the TOMS data around PV contours at 520 K. The issue is how to apply a vortex constraint given that a definition of the polar vortex in terms of PV contours will vary with height and from year to year.
Because the total column ozone value is heavily weighted to the lower stratosphere [ e.g., Manney et al., 1994a; Froidevaux et al., 1994], we have chosen to define the vortex using PV values there. By inspection we have chosen a single value, namely,-50 PVU (1 PVU=I.0 x 10 '6 K kg 'l m 2 s'l). In later years (1992 and 1993, not considered here), Chen [1994] found that this value, which was toward the poleward edge of the region of large PV gradients, defined an isolated inner vortex at 500 K. For the years and season considered here the -50 PVU contour is typically in the middle of the region of strong PV gradients on the 500 K isentropic surface and is outside the region of large ozone loss (Plate 1), which makes it suitable for limiting the ozone area-mapping. Interannual variations of the area within this PV contour are representative of changes in vortex size and reflect at least indirectly variations in planetary wave activity, including minor warmings; these can affect both ozone transport and heterogeneous chemistry. To assess these effects more quantitatively requires consideration of vertical as well as horizontal variations in both ozone and PV and is beyond the scope of this paper. Figure 2a shows the vortex-averaged value of column ozone on day 240, the minimum value before day 290 (mid-October), and the day on which the minimum occurred for each year. As seen here and in Table 1 Table 2 ). The Some care needs to be taken when interpreting the areamapped fields shown in Plates 3 and 5, as the area mapping tends to filter out the planetary-scale features. However, after the ozone hole reaches its maximum depth around day 280 in early spring, the polar vortex starts to shrink and ozone column abundance starts to recover. Significant warming events and erosion of the vortex are marked in Plate 5 by ozone increases extending nearly to the vortex center. Because of the anomalous circulation and extremely cold temperature of 1987 [Randel, 1988] 
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